Decommissioning and dismantlement of nuclear power plants (NPP) present the nal phase of a nuclear power plant lifetime and are an essential part of an e ective nuclear safety culture. While some countries are implementing nuclear exit strategies and others are building new nuclear power plants or prolonging their lifetimes, the decommissioning of facilities is imminent. This paper gives a short overview on decommissioning and dismantling strategies and techniques as an introduction to the applicability of radioactive metal waste recycling and reuse. General estimations suggest that the majority of the waste mass resulting from decommissioning and dismantling is radiologically unrestricted material i.e. exempt waste. The remaining one-third is the radioactive material with di erent levels of radioactivity. To present radioactive metal scrap recycling in practice, this paper addresses estimations on metal waste amounts resulting from decommissioning, the use of melting as a possible recycling method (with regard to secondary waste generated) and aspects of environmental and health impacts. Additionally, the best practice example of the decommissioning process in a pressurized water reactor (PWR) with NPP technology is given to provide context for the possible future decommissioning of NPP Krško. After consideration of the available data on decommissioning waste management, the conclusion is that while the decision on decommissioning strategies and technologies is not straightforward but unique to each country, current experiences give important context to the complexity and potential of decommissioning and provide a basis for future actions.
Introduction
In the context of sustainable development, environmental protection, and energy supply security, nuclear ssion technology often faces certain opposition. Consequently, management of waste deriving from nuclear facilities and their operation is an equally complex topic, if not more so. The global climate change challenge casts a different light on the role of nuclear energy compared to other energy sources. Work from Truelove and Greenberg (2013) discusses the connection between climate change and US citizen's openness to the use of nuclear power. Their study focuses on variables affecting whether participants' opinions on nuclear energy are in uenced by their concerns about global climate change. Around 35% of survey participants stated that climate change related concerns did make them more open to considering nuclear energy use as an energy source (Truelove and Greenberg, 2013). Additionally, results from the study provide a baseline for the comparison of US citizen perceptions, especially in the context of the Fukushima Daiichi nuclear power plant (NPP) accident. Data available from World-nuclear (2017) shows global decommissioning trends. An update from December 2016 lists decommissioned reactors where 11 reactors have been closed following damage in an accident or serious incident, 27 reactors have been closed prematurely by political decision or consideration, and 113 reactors have been closed having ful lled their purpose or being no longer economical to run. Considerable experience results from decommissioning various types of nuclear facilities with numerous power reactors (including experimental and prototype units) and at least 15 being fully dismantled. According to the International Atomic Energy Agency (IAEA) (as quoted in Samseth, 2012) the average lifespan of a civilian nuclear reactor is 27 years, with many having their licenses renewed and operating beyond their original design life. However, many rst generation reactors are reaching the end of their original design lives. Goodfellow et al. (2011) mention that, even after the Fukushima accident, countries worldwide are investing in or considering building new nuclear power plants, where this new-build activity is termed "nuclear renaissance".
Considering both the so-called nuclear renaissance and decommissioning trends, it is certain that any devel-
The Mining-Geology-Petroleum Engineering Bulletin and the authors ©, 2018, pp. 25-33, DOI: 10.1177/rgn.2018.1.4 opment scenarios of NPP decommissioning and dismantling activities present a crucial and essential part of an effective nuclear safety culture. Additionally, imminent decommissioning and dismantling will result in signicant amounts of waste materials where recycling and reuse could prove bene cial in the long run. The aim of this paper is to present a short overview of decommissioning and dismantling strategies and techniques as an introduction to the applicability of radioactive metal waste recycling and reuse. To provide a practical context for the information presented, the nal chapter gives a concise summary of the decommissioning process of an NPP with pressurized water reactor (PWR) technology. PWR technology was chosen to illustrate possibilities for decommissioning, which can also be applied to NPP Krško.
Issues and Strategies of Decommissioning and Dismantling
Nuclear design plays a vital role not just in the operational part of an NPP lifetime, but also in an NPP end-oflife. Babilas and Brendebach (2015) state that plants are built for the safe and economical production of electricity but rarely for easy decommissioning which is particularly the case for older rst generation reactors. While decommissioning is a unique process for each facility, due to gained experience it is becoming more feasible. Babilas and Brendebach (2015) de ne decommissioning as a process that involves decontamination, dismantling and waste management procedures. In the same article, they discuss general approaches for the selection and evaluation process of decontamination and dismantling techniques (D&D) applicable for a particular site or structure, system, and component (SSC). Some of the factors essential for the selection of D&D techniques and decision-making are radiation protection aspects, aspects of safety, the infrastructure needed, decontamination/dismantling capacity, aspects of costs, generation of radioactive waste, de-installation/maintenance time, etc. (Babilas and Brendebach, 2015). In decommissioning, buildings and structures are removed, as well as parts in the proximity of the reactor core and construction materials (mostly steel and concrete). Depending on the decommissioning type, materials are packed, transported and safely disposed of. According to data available from United Nations Environment Programme Year Book (Samseth, 2012) around 68% of the waste mass resulting from decommissioning is radiologically unrestricted material while the rest is the radioactive material with different levels of radioactivity. Radiologically unrestricted material is also referred to as exempt waste (EW) which meets the criteria to be released from regulatory control, respecting exemption and radiation protection principles (IAEA, 2007).
There are three accepted approaches to decommissioning: immediate dismantling, deferred dismantling, and entombment (Samseth, 2012). In immediate dismantling (known as DECON) all radioactive SSCs of the facility are removed or decontaminated in order to allow for unrestricted use of the site. Deferred dismantling (known as "safe enclosure" or SAFESTOR) includes removal of spent nuclear fuel (SNF) ensuring the safety of the facility but leaving dismantling for future activities. If after removal of SNF, the reactor is encased in a durable material with the aim of leaving it until its radioactivity decreases, we are talking about entombment which is very complex and only done in speci c cases. Decommissioning approaches require different standards of worker safety and result in different amounts of potentially valuable resources available. In the context of exposure rates, entombment enables less contact with the waste i.e. less exposure to radioactivity while deferred dismantling assures some of the radioactivity to decrease before taking actions. In immediate dismantling, the safety standards are more rigorous and due to the immediate actions, more material is classi ed as radioactive. Deferral periods can affect some materials and decrease their availability for reuse and recycling.
Waste resulting from D&D can be classi ed into four categories: very low level (VLL), low level (LL), intermediate level (ILW) and high level waste (HLW). While there are some differences in the national waste classications systems, the IAEA classi cation system puts an emphasis on the aspect of disposal safety. According to the IAEA (2007, 2009), HLW has speci c radiological characteristics: it includes long lived radionuclides, it generates signi cant amounts of heat and is associated with spent fuel, fuel reprocessing waste streams and other waste with similar radiological properties. These speci c characteristics need to be considered in choosing the disposal strategies and generally deep geological disposal is required (IAEA, 2009). In IAEA's classi cation, radiological characteristics of ILW still require isolation and containment due to the presence of long lived radionuclides, but with considerably lower heat dissipation present. The activity concentrations do not allow for near surface disposal so disposal at greater depths is necessary (IAEA, 2009). LLW covers a range of waste, either with limited amounts of long lived radionuclides or higher activity concentrations of short lived ones. For LLW, isolation and containment is required, however it can still be disposed of in the near surface facilities (IAEA, 2009). While VLLW does not meet the criteria to be considered EW, there are no requirements for isolation and containment so VLLW can be disposed of in the near surface facilities, including those with limited regulatory control (IAEA, 2009). Decommissioning generates around two-thirds of total VLLW, LLW and ILW produced during a plant's lifetime alone (Samseth, 2012) . HLW is the smallest in volume but contains 95% of the overall radioactivity of the waste produced and mainly consists of SNF, while in dismantling, reactor components are the most radioactive (Samseth, 2012).
In their work, "Fernald's dilemma: recycle the radioactively contaminated scrap metal, or bury it?" Yuracko et al. (1997) discuss radioactive scrap metal (RSM) as a possible plug to a leak in the material cycle of nuclear activities i.e. activities of the Fernald uranium processing facility. The suggestion is to melt metals present at the site to produce containers for the transport and disposal of LLW. The article compares the cost and bene ts of such activities and addresses potential health and safety risks. The authors propose a two-phase decision methodology where phase one is a life-cycle analysis assessing the possible impacts of management alternatives for RSM and phase two is the decision phase. As with any activities related to nuclear technology, certain public opposition is present. Nives et al. (1998) mention that in this context, the questions of the choice between recycling or disposing of RSM is not just an issue of having a metal supply that is clean versus having one that is radioactive. The extent of public acceptance, again as in any nuclear technology related matter, depends on the quality of the regulatory process and provision of the information regarding risks (Nieves et al, 1998).
In recycling, the separation of radioactive and nonradioactive materials is essential to the minimization of the waste generated. Additionally, it maximizes the ability of material reuse and recycling, but at the same time, worker exposure needs to be taken into account (Samseth, 2012). Hrncir et al. (2013) discuss scenarios of the recycling of radioactive steel within nuclear and civil engineering industries from the radiation protection aspect and derive clearance levels for analyzed radionuclides i.e. the maximum speci c mass activity of material allowing its recycling/clearance. They mention that clearing as much as possible of materials from decommissioning is bene cial, not only that it saves potentially valuable raw material, but it also increases the repository capacity and saves nancial funds that would otherwise be spent on treatment and disposal. A detailed overview of the feasibility and effectiveness of recycling of what is termed as disaster waste is given in the work of Brown and Milke (2016), focusing on mostly natural disasters but including the tsunami that led to the Fukushima Daiichi NPP accident. A decision on decommissioning waste management is usually not plainly straightforward and requires careful analysis of timing, funding, regulatory framework, available personnel, future use of the location, etc. The work from Sanders and Sanders (2016) discusses nuclear waste management strategies in the Western European Nation States. They conclude that in order to ensure a stable outcome "each nation state must look outward to its shared international obligations, but there must also be an inward re ection of a nation state to its own traditions, customs, and legal/law making regimes" (Sanders and Sanders, 2016, p.69). A similar approach applies to the management of the decommissioning waste. The next chapter covers the recycling of radioactive metal scrap as one of the possible methods of waste management.
Radioactive Metal Scrap Recycling Practices
A detailed analysis of disposition alternatives for radioactive scrap metal (RSM) is given in Nieves et al. (1998). Nuclear power plants are mentioned as one of the largest sources of RSM and a rare bene ciary of recycled radioactively contaminated metal. Estimated amounts of metal available and their majorly low level radioactivity suggest consideration of its future applicability. Regulation practices are based on guidelines from the International Commission on Radiological Protection (ICRP) that can be summarized in three principles: 1) before any action that may include radiation exposure, there must be a justi cation of it providing greater bene t than harm; 2) to evaluate practice in this sense, all of its aspects need to be considered, and not only radiological protection; there must be equity in risk distribution, and radiation doses need to be kept as low as possible; 3) individual risk must be controlled and kept at a level, so it does not require further regulatory actions (ICRP as quoted in Nieves et al., 1998). The article presents potential scrap inventory from world nuclear power plants for plants listed as under construction or completed by 1993 and only includes reactors above 100MWe (Nieves et al., 1998) . For an estimation of available annual amounts of nuclear power plant scrap, it is assumed RSM will be available 50 years from start-up. Table 1 shows mass estimates for copper, iron and steel and stainless steel, in geographic regions for material categories of suspected radioactivity and of removable surface contamination. Additional quantities might be available in the context of storage that allows for radioactive decay (Nieves et al., 1998) . Although estimations include only reactors up to 1993, it is still a valuable and highly illustrative piece of information regarding the potential of RSM recycling and reuse. Table  2 shows projected annual average RSM release from NPP over the period from 2010 to 2043. According to the authors, considering possible health and environmental stressors, recycling of RSM as a practice is justied. The health and environmental impacts are considered to be almost half of those for disposal and replacement, and environmental impacts orders of lower magnitude. Additionally, the authors suggest that the principles of radiological protection can be optimized by using a tiered system of release criteria for the exempt waste. For socio-economic parameters, a comparison of the results was more complicated considering the possible public opposition to RSM recycling. The authors conclude that this aspect could be greatly facilitated by "the quality of the regulatory practice and the provision of information regarding comparative risks of the RSM management alternatives" (Nieves et al., 1998, p.1101) .
Regarding metal recycling methods, Slimak and Ne as (2016) present melting as a suitable method for metal recycling and decontamination. The method includes exposing scrap metal to high temperatures and heating it above its melting temperature. During exposure, elements and their radioisotopes are redistributed from metal to slag and dust/fumes. The distribution of contaminants depends on the elemental properties (e.g. chemical composition, the solubility of an element in the molten metal, the density of oxides, etc.) and furnace properties (e.g. melting temperature and furnace type) Elements chemically similar to iron will remain within the melt while more volatile elements will be transferred to off-gases and slag. Adequate air protection is necessary, in the form of highly ef cient air ltration systems.
The melting method requires a melting facility and a procedure involving several steps. Firstly, metal needs to be sorted and fragmented, possibly decontaminated (to increase the amount of metal to be recovered). Metals with different properties (e.g. ferrous metals and copper) need to be separated before treatment. Scrap metal type and radiological characteristics determine the method of its fragmentation (i.e. thermal or mechanical) in order to get fragments of a pre-determined size (Slimak and Ne as, 2016). There are two important aspects of RSM melting that in uence the affordability and applicability of the method: estimation of amounts of waste resulting from decommissioning that is suitable for melting and amounts of secondary radioactive waste (RAW) generated.
An example of a method for calculating quantities of contaminated metal appropriate for melting treatment is the OMEGA code, explained in more detail in the article from Slimak and Ne as (2016). According to Slimak and Ne as, secondary RAW is generated in the form of slag, dust, furnace lining, spent lters, etc. Metal melting results in secondary RAW amounting to 2 -5% (by weight) of the original amount of scrap metal. Estimated amounts of secondary RAW arising from melting during one year are 10 -40 tons of slag, 0.1 ton of dust and 8.2 -10.6 furnace lining. It is important to mention that estimations result from assumptions depending on the type of furnace and lining. Secondary RAW generated from the treatment needs to be packed and adequately disposed of. Waste is packed into drums and transported to a processing facility where it is treated, conditioned and packed before being transported for disposal at the national radioactive waste repository (Slimak and Ne as, 2016). In Slovakian context discussed by Slimak and Ne as (2016), the repository is intended for disposal of LLW. Therefore, secondary RAW must meet the acceptance limits for disposal, i.e., criteria for LLW before being disposed of. The advantages of metal decontamination by melting are related to it being a proven technology and resulting in signi cant waste volume reduction where the nal product in the form of ingot is homogenous with activity bound in the metal that can be precisely determined and the possibility of keeping ingots until their radioactivity decreases to desired levels (Slimak and Ne as, 2016).
Work from Hrncir and Necas (2013) gives an example of the practical use of RSM. The authors developed a methodology for the reuse of VLL radioactive material and described radiation impact assessment for the motorway tunnel scenario. For this model, data from a real two-tubed tunnel was used (radius 5.5 m and the total length of both tubes 2 km). Reinforcing components were made from VLL radioactive steel: bars bound together in a reinforcement cage of the strip foundations in the secondary lining and for two layers of steel reinforcing mesh in the primary lining, details on radiation impact assessment are available in Hrncir and Necas (2013). Tatranský and Ne as (2009) present a method of using metals contaminated by radionuclides with a relatively short half-life for a particular industrial purpose, i.e., conditional release of metals into the form of steel railway tracks.
Several authors discuss methods of cutting operations in dismantling, Bonavigo et al. (2010) measure the spreading of radioactive contamination during dismantling presented on the example of Italian NPP (thermal cutting of the primary circuit). The authors present time and dust production data for two thermal cutting methods: plasma cutting and oxy-fuel cutting, and recognize metal aerosol and dust resulting from thermal cutting as a matter signi cant for further research. Regarding contamination, the authors conclude that suf cient worker safety and environmental protection can be ensured by the use of "individual radioprotection devices and devices for the protection of the respiratory track, such as emissions retaining rooms, ltering systems, masks, gloves and suits" (Bonavigo et al., 2010, p.365 ). Another experience in dismantling is given in Cesari et al. (2008) where cutting methods are compared, and chemical composition of dust i.e. the relation between technical parameters and emission composition is discussed. Methods used in the comparison are thermal methods (plasma cutting any oxy-fuel cutting). The chemical composition of the dust focused on samples containing elements (Mn, Ni, Zn, Ca, Cu, Pb, and Cr) and mixtures (NOx and VOS). Plasma cutting generally resulted in higher cutting temperatures and 2 to 5 times larger amounts of pollutant produced than oxy-fuel cutting (Cesari et al., 2008) .
Environmental and health impacts and risks associated with RSM recycling and reuse need to be closely monitored and considered in decision-making. According to Nieves et al. (1998), both the recycling and the disposal alternatives for RSM management involve environmental and health risks (e.g. radiological and chemical exposures of workers and the public, transportation accidents, impact on water and air quality, etc.). Detailed information on radiation impacts is offered in Slimak and Ne as (2016) where exposure pathways in certain working scenarios are discussed. The selected scenarios combine radiation exposure pathways with regard to speci c exposure conditions and the occupational area geometry. The three main exposure pathways were external exposure, inhalation, and ingestion. All pathways were not used for every working scenario. The scenario for a furnace operator was based only on external exposure as the main pathway, considering the furnace room as a separate and closed object. For the slag workers, exposure was dependent on the slag removing method, either manually (external and inhalation) or by using a customized manipulator (only external exposure). All three pathways are relevant for the working scenario for the ingot castor and the ingot handler, as well as for the scenario in which repair of the furnace is required. For workers in the transport and storage activities, external exposure was considered as the most relevant. The individual effective dose (IED) for workers was used to compare proposed scenarios. The authors concluded that the highest IED was associated with the slag manipulation scenario. The least concerning option in this scenario was the one where slag removal was done by using a manipulator. In this scenario, the annual received IED would not exceed the maximum allowed dose limits set by Slovakian legislation (Slimak and Ne as, 2016).
One method of addressing environmental and health risks is the use of clearance levels. As de ned in the IAEA Safety Glossary, clearance levels are values of activity concentration or total concentration, usually set by the regulatory body, at which or below which the source of radiation can be released from the regulatory control (IAEA, 2007). Determining clearance levels for radioactive scrap metals is essential for its potential recycling and reuse. Unconditional clearance (UC) allows for any possible use of material. Dose constraint (DC) de nition differs for different types of exposure (e.g. medical, occupational, public, etc.) but as a general term it refers to a "restriction in the individual dose delivered by a source which serves as an upper bound on the dose" (IAEA, 2007, p.59). For the clearance of radioactive materials dose, DC values are used to ensure radiation protection of the public. In the context of public exposure, DC refers to "an upper bound on the annual doses that members of the public should receive from the planned operation of any controlled source" (IAEA, 2007, p.59) . Since a considerable amount of RSM contains the concentration of radionuclides only slightly above the legislative limits for UC into the environment, environmental and economic incentives exist to maximize the utilization of releasing concepts (IAEA as quoted in Hrncir and Necas, 2013). Conditional clearance needs to meet health and environmental protections standards. Hrncir et al. (2013) provide detailed steps for determining conditional clearance levels for several radionuclides. An article by Wei et al. (2009) gives an overview of the clearance measurement of metal scraps for a nuclear facility in Taiwan where VLL radioactivity waste was sampled and analyzed. The authors recognized recycling and reuse as cost-effective, saving resources and storage volume necessary for disposal, and mention the importance of adequate technical capabilities (establishing a veri ed measurement system, a program of quality assurance and the development of procedures for radionuclides that are hard to measure) (Wei et al., 2009 ).
An example of cost-bene t analysis and costs aspect of metal recycling is available in Slimak and Ne as (2016) where the use of a melting method as a part of the waste management strategy is roughly estimated to possibly save 17 million €. The authors provide this as a rough estimation that can vary depending on factors like money value, labor costs, storage costs, etc. The estimation was derived by comparing two scenarios for the case of decommissioning two NPPs, currently used waste management of the metals and the scenario including the use of the melting method. In the rst scenario, total costs took into consideration costs of activities like fragmentation, decontamination, treatment, release and disposal of RAW, but not costs for the dismantling of the technological components (Slimak and Ne as, 2016).
The market impact of RSM recycling and reuse are mentioned in Nieves et al. (1998) where market analysis and data are presented (e.g. a suggestion that the market impact of recycling iron and steel would be minimal).
Example of the decommissioning process in a PWR Nuclear Power Plant
The Nuclear power plant Stade was the rst German commercial nuclear power station to use PWR technology. When it was commissioned in 1972, it was ranked as Germany's highest-output PWR NPP with the net installed capacity of 630 MW. In 1984, Stade started to cogenerate process heat which is supplied to neighbouring salt works that raised its overall ef ciency (Kernkraftwerk Stade, 2004) . It was decommissioned in 2003 (with dismantling starting in 2005), for economic reasons. Its electric output was half of most other German NPP but with equal or higher expenses of operating. Additionally, residual generation quota proposed under Germany's nuclear exit strategy would have been exceeded in 2004, so its lifetime was cut short by one year.
Due to the structural design of the facility in PWR technology, where only the reactor building and the reactor auxiliary building are in the radiation control area, handling of turbine parts is easier since the turbines and the generator are located outside of this area, unlike in the case of a boiling water reactor (BWR). During the rst dismantlement phase, logistics systems are set within the radiation control area, and the dismantlement of larger plant components is planned. Dismantlement Phase I includes the removal of the ood tanks in the primary circuit, the control rod assembly and the pressurized emergency cooling tanks and other nuclear-contaminated systems. Where possible, extra space is created for easier managing. The second phase deals with large components (from the primary coolant pipe system) and preparatory work preceding actual removal and dismantlement. In the third dismantlement phase, most of the radioactive NPP parts are removed (reactor pressure vessel -RPV, concrete shielding enclosing the RPV, overhead concrete slab shielding the reactor room, fuel racks in the former fuel storage tank and other RPV components). Strategies and solutions for In the nal stage of dismantlement, all remaining systems from the radiation control area are removed, and lastly water puri cation and ventilation plants. Building structures are decontaminated until they meet the clearance requirements. The nal stage is considered nished only after site can be released from the nuclear facility control and permit regime. The immediate dismantling approach, used in the NPP Stade, is the preferred strategy used in Germany (Ehlert, 2012). Besides dealing with critical paths and logic, the phase approach used relates to the speci cations of German licensing and its unique regulatory system and administration. Although the majority of the material resulting from the dismantlement process is not contaminated, it still has to be tested before being treated as normal waste. After measurements, materials are sent to nal clearance testing or need to undergo decontamination which is an important process resulting in a decrease in secondary waste volume. In cases of a surface contamination, decontamination methods used in the example of the NPP Stade are steel grit blasting, water blasting, and chemical ushing (Kernkraftwerk Stade, 2004) . Due to the type of materials in question, the clearance process is completed when, after the nal clearance testing, the regulatory body gives its nal approval. Material in the controlled re-use category makes a small portion of the total waste generated. Radioactive waste from the NPP Stade was disposed of according to standards required for the nal storage. It is worth mentioning that in the work from Slimak and Ne as (2016), the melting method for the recycling of RSM is presented based on the decommissioning of two Slovakian NPPs where one is a V1 NPP (a Russian type of PWR) which gives practical context for the applicability of this method.
Conclusion
Existing trends in nuclear energy use are re ected by countries proposing and implementing nuclear-exit strategies and others planning to build new or prolong the lifetimes of their nuclear power plants. In both scenarios, decommissioning and dismantlement as its nal phase in the shutdown of NPPs is imminent and presents a complex process where decision-making should be done on a multidisciplinary basis. All decisions must consider environmental and radiation protection aspects, as well as the overall nancial aspect of the selected decommissioning strategy.
As seen from the data presented in this paper, the decommissioning of an NPP generates signi cant amounts of waste, especially scrap metal waste whose recycling presents an important method of managing waste by saving both disposal storage resources and nancial funds but needs to include careful analysis of technical feasibility, economic value and safety standards. While decommissioning is certain for any NPP at its end of life, the decision on decommissioning strategies and technologies is unique to each country. However, the available experience and methods developed provide a useful rst step to build upon. Considering the approaching end of life for the NPP Krško, which is a PWR technology reactor with a similar capacity as the one in the NPP Stade, RSM amounts available from decommissioning, recycling methods, and experiences presented in this paper show both the complexity and the potential of the decommissioning process and could provide guidelines once the decision for the decommissioning and dismantlement process is made.
